INTRODUCTION
Germline mutations in VHL, MET, FH, FLCN and SDHB genes account for a proportion of hereditary renal cell carcinomas (RCCs) (1 -5) . However, the cause of many familial forms of these tumors remains unknown. A link between RCCs and pheochromocytomas or paragangliomas, which are neural crestderived, catecholamine-secreting tumors, has been well established in two hereditary tumor syndromes. In von Hippel-Lindau disease, a familial autosomal dominant disorder caused by mutations of the VHL gene, patients develop RCC, pheochromocytomas and hemangioblastomas of the central nervous system (6) . In familial paraganglioma type (PGL4), caused by germline mutations in SDHB, patients can develop paraganglial tumors, some presenting with concurrent RCC (7) , and, more recently SDHB mutations have also been reported in patients presenting with RCC alone (4, 6) . These genetic associations prompted us to investigate the role of the pheochromocytoma susceptibility gene TMEM127 in renal cancers.
Germline truncating or missense TMEM127 mutations occur in pheochromocytomas and paragangliomas with features of a prototypical tumor suppressor gene (8, 9) . TMEM127 is a ubiquitously expressed protein of unknown function which localizes to multiple endosomal domains. While recombinant wild-type (WT) TMEM127 displays a punctate appearance typical of endomembrane association, ectopically expressed mutant TMEM127 is diffusely distributed in the cytoplasm, suggesting that endomembrane localization is relevant for its tumor suppressor function (8, 9) . Furthermore, both TMEM127-mutant primary pheochromocytomas and cell lines with TMEM127 depletion by short-interfering (si)-or short-hairpin (sh)-RNA downregulation display increased phosphorylation of mTOR downstream targets, while overexpression of TMEM127 leads to low levels of target phosphorylation (8) . However, the mechanism through which TMEM127 and mTOR interact is unknown.
One of the endomembrane domains to which TMEM127 associates is the early endosome, which controls the output * To whom correspondence should be addressed at: UTHSCSA, 7703 Floyd Curl Drive, MC7880, San Antonio, TX 78229, USA. Email: dahia@uthscsa.edu # The Author 2013. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oup.com signal of multiple growth factors and oncogenes through regulation of protein trafficking and turnover (8, 10) . The small guanosine triphosphate (GTP)ase Rab5 is required for assembly and function of the early endosome and, in its GTP-bound form, actively regulates membrane trafficking and modulates early endosome formation and maturation into late endosomes and lysosomes (11, 12) . Recently, signaling through the mTOR complex 1 (mTORC1) was shown to require intact endolysosome function. Activation of the early endosome by expression of a GTP-bound Rab5 mutant was found to inhibit mTOR signaling in response to amino acids (13) (14) (15) . In addition, amino acid exposure promotes translocation of mTOR to the lysosome, its site of activation (16) (17) (18) , while reduced access of mTOR to the lysosome limits its ability to bind to its activator Rheb, thus leading to reduced signaling (13, 14, 18) .
Here, we report that loss of TMEM127 in vitro and in vivo lead to disrupted formation of hybrid early-to-late endosomal vesicles by Rab5 and to an increased association of mTOR with the lysosome. Together, these data provide a potential mechanism for the inhibitory effects of TMEM127 on mTOR. We also describe novel germline TMEM127 mutations in renal cell carcinoma and show that some of these mutations are defective for endosomal function. These results suggest that TMEM127 disruption contributes to both pheochromocytoma and RCC pathogenesis.
RESULTS

Mutations of conserved TMEM127 residues in RCC
We screened samples of 214 patients with RCC from two independent cohorts for TMEM127 gene mutations (Supplementary Material, Table S1 ). The first cohort comprised 104 germline samples from patients with features of RCC susceptibility, including early-onset disease, bilateral or multicentric tumors or a positive familial history of renal cancer, but without a detectable mutation in the known susceptibility genes (VHL, SDHB, FH and FLCN). The second cohort included 110 tumors from unselected patients with RCC, spanning a broad spectrum of histological subtypes and tumor grading (Supplementary Material, Table S1 ).
In total, four unique TMEM127 variants were identified (1.86%, 4/214, Fig. 1A ), two from each cohort, and affected only conserved residues of the protein. One of these variants was an in-frame, single amino acid deletion targeting the second transmembrane domain of TMEM127 (c.440 -442TCTdel, p.Ser147del, hereafter referred to as S147del), and the remainder were missense mutations. For two of the cases, only germline DNA was available (S147del and c.353C.T, p.Pro118Leu or P118L); in one case, we had both germline and tumor material (c.208G.AG, p.Asp70Asn or D70N) and the fourth sample had only tumor tissue (c.377C.CT, p.Thr126Ile or T126I). The mutations were present in the germline of all three samples with available constitutive material. One of the mutations (D70N) had previously been described in a patient with pheochromocytoma (9) and was recently reported at low frequency (minor allele frequency 0.002, SNP rs121908819, and NHLBI Exome Sequencing Project ss342069846) in databases which include samples from both healthy and non-healthy individuals. However, this variant was not detected in a group of 1000 normal, ethnically matched control alleles which we previously reported (9), thus its pathogenicity remains unclear. None of the other three RCC mutations were identified in the SNP database or our normal control group. One of the patients had a family history of RCC, and two of the mutation carriers had also been diagnosed with other neoplasias, either concurrently or prior to RCC, but no pheochromocytoma, paraganglioma or family history of either of these tumors was reported in these four patients (Fig. 1B) . The reason for the lack of association with paraganglial tumors is not known, but could be due to incomplete penetrance of the mutant alleles, as suggested in SDHBassociated RCCs without co-occurring paragangliomas (19) .
The two mutations detected in somatic tissue (D70N and T126I), along with a specimen from prostate cancer that was removed at the time of nephrectomy of one of these patients, retained heterozygosity at the mutation site, indicating that the WT TMEM127 allele was not deleted in these tissues. Motivated by our earlier observation that pheochromocytoma-associated TMEM127 mutations led to reduced TMEM127 transcription at the tumor level beyond that which would be expected by loss of a single allele in the somatic tissue (8), we measured TMEM127 mRNA expression by real-time PCR in the two available mutant RCC tumors. In these samples, TMEM127 transcription was about 50% of that of a group of RCCs with intact TMEM127 sequence (average + SD, 1.37 + 0.43 in mutants and 2.47 + 1.33 in WT tumors; Fig. 1C ), consistent with decreased transcription rate or instability of mutant TMEM127. Although only two mutant samples could be tested, these findings suggest that the TMEM127 mutations might function in haploinsufficiency in the RCC context.
RCC-derived TMEM127 mutation is deficient in endosomal localization
We had previously found that the intracellular distribution of pheochromocytoma-related mutant TMEM127 was distinct from that of WT constructs (9) . To determine the status of the mutations identified in RCC patients with respect to their endomembrane association, we generated GFP-tagged versions of each mutant and examined the subcellular distribution after transfection of these constructs in HeLa cells. We found that the TMEM127-S147del construct, carrying the in-frame deletion, was diffusely distributed in the cytoplasm of all transfected cells, in contrast with the punctate localization of WT TMEM127 ( Figs 1D and 2A) . The other three RCC mutants had variable distribution: TMEM127-D70N was diffuse in approximately one-third of the cells, while both TMEM127-P118L and TMEM127-T126I had a predominant punctate appearance, similar to the WT construct ( Figs 1D and 2A) . These experiments indicate that the mutations had variable impact on TMEM127 intracellular distribution.
Previously, recombinant TMEM127 was found to partially overlap with the early endosomal marker Rab5 by confocal microscopy (8) . When the degree of overlap was quantified, 68 + 4.2 and 38 + 1.9% (mean + SEM) of GFP-WT-TMEM127-positive structures colocalized with Rab5 and with the Rab5 effector EEA1, respectively ( Fig. 2A, Supplementary Material,  Fig. S1 ). The extent of colocalization was reduced in S147del and D70N mutants, but not in P118L and T126I ( Fig. 2A and B) . These results confirm our previous observations that TMEM127 localizes to early endosomal domains (8) , and indicate that RCC-related mutations can decrease (D70N) or abolish (S147del) this association ( Fig. 2A and B, Supplementary Material, Fig. S1 ). The two remaining mutations did not differ from the WT protein in their distribution under the conditions used in this assay, and it cannot be excluded that these mutants are defective for another aspect of endosomal function, or that they are simply rare non-pathogenic variants.
TMEM127 associates with Rab5 in a GTP-status-dependent manner
Next, we examined whether the association of TMEM127 with Rab5-positive vesicles was dependent on the Rab5 GTP status. A WT version of Rab5 (Rab5WT), a constitutively active version of this construct, locked in its GTP-bound conformation, Rab5Q79L, and a Rab5S34N inactive mutant, which maintains Rab5 bound to GDP (11) , all tagged with Flag, were co-transfected with WT-TMEM127 in HeLa cells. Expression of Rab5Q79L leads to enlargement of early endosomes due to increased homo-and heterotypic fusion, while Rab5S34N has a predominant non-membrane localization pattern (11) . Accordingly, co-staining of these cells with endogenous EEA1 indicates the assembly of a functional early endosome in the presence of Rab5WT and Rab5Q79L, but not in the presence of the GDP-bound mutant, S34N (Fig. 2C ). Co-expression of HA-TMEM127 with Flag-Rab5S34N led to dispersion of both the Rab5 and TMEM127 signals ( Fig. 2C ), while expression of the constitutively active Flag-Rab5Q79L mutant increased the fraction of TMEM127 that associates with Rab5-positive enlarged vesicles (Fig. 2C ). These data suggest that TMEM127 early endosome localization is enhanced by an active Rab5 endosomal domain. In further support of an association between TMEM127 and Rab5, HA-TMEM127 was found to co-immunoprecipitate with all three Rab5 plasmids in HEK293T cells, although this association was increased in cells expressing the GTP-bound mutant ( Fig. 3A and B). These results were replicated by immunoprecipitation with endogenous TMEM127, indicating that the association was not due to tag effects (Fig. 3B ). These findings suggest that TMEM127 is a component of Rab5-containing protein complexes, and that this association is GTP dependent.
TMEM127 mutations disrupt Rab5-mediated mTOR signaling inhibition
Based on the inhibitory effects of Rab5 on mTOR (13, 14) , we postulated that the effect of TMEM127 on reducing mTOR target phosphorylation that we reported previously (8) might be mediated by its association with Rab5. We thus examined whether TMEM127 overexpression could potentiate the effect of the constitutively active Rab5 mutant, Rab5Q79L, on mTOR downstream signaling. In agreement with previous data, expression of either WT GFP-TMEM127 or the constitutively active Flag-Rab5Q79L in cells exposed to amino acids led to reduced phosphorylation of the mTOR targets S6K, S6 and 4EBP1 (Fig. 3C ). These effects were enhanced in cells that co-expressed both constructs, suggesting that TMEM127 cooperated with activated Rab5 to reduce mTOR signaling (Fig. 3C ). In contrast, when co-expressed with Rab5Q79L, three of the constructs encoding RCC-associated TMEM127 mutations did not reduce mTOR target phosphorylation under the same culture conditions ( Fig. 3D and E). Notably, mutant S147del was expressed at markedly lower levels than the WT construct, suggesting instability of this variant, similar to pheochromocytoma-related TMEM127 mutations (8) . Levels of the co-transfected Flag-Rab5Q79L product tended to be lower in cells expressing three of the RCC mutants compared with WT-TMEM127, suggesting a possible effect of these TMEM127 mutations in reducing abundance or stability of the Rab5 construct (Fig. 3D ). These data are consistent with an effect of TMEM127 on Rab5-mediated mTOR inhibition.
Loss of TMEM127 disrupts Rab5-mediated endosomal fusion in vitro and in vivo
To characterize further the role of TMEM127 in the context of endosomal function, we expressed Rab5Q79L in HeLa cells that had been depleted of TMEM127 by short-interfering
Confocal microscopy of cells stained with Flag (for Rab5Q79L) showed the expected enlarged vesicles indicative of fused early-late endosomes in control knockdown cells (Fig. 4A) . However, these vesicles were markedly reduced, or even absent, in cells depleted of TMEM127 (P , 0.05, Fig. 4A ). Similar findings were seen with an independent siRNA sequence targeting TMEM127, siTMEM127#4 (Fig. 4A, Supplementary Material, Fig. S2 ) and were rescued by re-expression of a TMEM127 construct which had been made resistant to siRNA by mutation of the target nucleotide sequence without changing the resulting amino acid (Fig. 4B) . These results suggest that TMEM127 is required for Rab5-mediated endosomal fusion.
To confirm these findings in a more physiological setting, we generated fibroblast lines from mouse embryos lacking the Tmem127 gene (Tmem127 2/2 ) or from control WT (Tmem127 +/+ ) or heterozygous (Tmem127 +/2 ) littermates (Supplementary Material, Fig. S3 ; detailed description of the Tmem127 2/2 mice will be reported elsewhere). These mouse embryonic fibroblasts (MEFs) were prepared from E13.5 embryos and cultured for no more than seven passages. Tmem127 null or control MEFs were transfected with the same Flag-Rab5Q79L construct and stained as described above. Null MEFs from multiple independent batches showed a striking decrease in the number of enlarged Rab5Q79L-positive vesicles, in contrast with WT cells, thus recapitulating the findings observed following TMEM127 knockdown in HeLa cells (Fig. 4C) . Ectopic expression of WT-TMEM127 rescued this phenotype, while the TMEM127S147del mutant did not, confirming that this mutant is defective for Rab5-mediated early endosomal regulation (Fig. 4C ). In contrast with the morphological differences noted on Rab5-positive vesicles, no changes were seen in the equivalent GTP-and GDP-bound mutants of the recycling GTPase Rab4 (Supplementary Material, Fig. S4 ), further indicating a specific effect of TMEM127 toward Rab5.
To determine whether loss of Tmem127 affects endogenous endosomal markers, we stained null or WT MEFs. Tmem127 2 / 2 MEFs had lower overall EEA1-positive puncta than did control MEFs (Fig. 5A) . In contrast, the number of late endosomal and lysosomal vesicles, identified by Rab7-positive (Fig. 5B ) and LAMP2-positive (Fig. 5C ) puncta, respectively, was higher in null compared with WT MEFs. Other endomembrane-localized proteins such as RagC (Fig. 5D) showed no difference between WT and null cells, indicating that the differential number of puncta was selective, rather than an indiscriminant phenomenon affecting all endomembrane domains. Often, the puncta size difference was more accentuated in the larger vesicle size range (Fig. 5E -H) . These findings are consistent with a potential effect of Tmem127 in fusion events of multiple endosomal domains (20) , and suggest that in its absence, some domains downstream of the early endosome, i.e. late endosome and lysosome, may be enhanced in a compensatory manner. Although marked depletion of Rab5 in vivo has been shown to severely impair endolysosomal biogenesis downstream of the early endosome, even partial Rab5 function is capable of mounting a robust recovery mechanism (21) , which may explain the profile observed in Tmem127-deficient cells. Taken together, these results suggest that TMEM127 is required for regulation of Rab5 vesicle fusion and early-to-late endosomal transition, leading to a redistribution of particle organization.
mTOR associates with the lysosome domain in a TMEM127-dependent manner Similar to our previous findings in mutant pheochromocytomas and cells with TMEM127 knockdown (8) , lysates from 
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Tmem127-null MEFs showed increased mTOR target phosphorylation compared with WT cells (Fig. 6A) , indicating that the murine model recapitulated, though to a lesser extent, the earlier findings in human cells. The relatively modest effect on phosphorylation downstream of mTOR may, at least in part, reflect the emergence of partial compensatory mechanisms in vivo, in contrast with the 'acute' inhibition due to siRNA-induced depletion. Overexpression of the Rab5Q79L constitutively active mutant has been suggested to trap amino acid-stimulated mTOR into Rab5-positive enlarged endosomal vesicles, thus leading to reduced mTOR access to subsequent domains of the endosomal cycle (i.e. late endosome/lysosome) and ultimately resulting in decreased mTOR downstream activation (13, 15) . To determine, at the cellular level, whether TMEM127 influenced mTOR association with Rab5-positive enlarged vesicles, we stained mTOR in Tmem127 null or control MEFs transfected with Flag-Rab5Q79L and examined these cells by confocal microscopy after they had been exposed to amino acids for 15 min following 50 min of amino acid deprivation, as reported (13, 15) . The reduced number of Rab5-positive enlarged vesicles in TMEM127 null cells posed a technical challenge for this quantification. However, in the cells in which both Rab5Q79L and mTOR staining could be assessed, the degree of colocalization was lower in Tmem127KO than in control MEFs ( These results suggest that in the context of constitutive Rab5 activation, loss of Tmem127 disrupts mTOR distribution to an activated early endosome. If less mTOR is associated with early endosomal, Rab5Q79L-positive vesicles, we reasoned that in cells devoid of Tmem127 a larger fraction of mTOR might become available to associate with the lysosome. Indeed, we found that the amount of mTOR-and LAMP2-double positive vesicles was increased in Tmem127 null cells both under steady-state culture conditions (Fig. 6C, Supplementary Material, Fig. S7A ) and after amino acid exposure (Supplementary Material, Fig. S7B and C) . To further characterize the status of lysosomal activity in Tmem127KO we also examined the expression of lysosomal genes and proteins in these cells. We found that transcription of several lysosomal genes, including those encoding for vacuolar ATPase (vATPase) subunits, which are components of the lysosome-tethered complex that regulates amino aciddependent mTOR activation, and Mcoln1, a non-selective cation channel that is involved in lysosomal fusion with other membranes, was upregulated in Tmem127-null MEFs compared with WT cells (Fig. 6D) . In addition, protein levels of vATPase D1 subunit (vATPaseD1, Fig. 6E ) and LAMP2 (Fig. 6F) were more abundant in null Tmem127 MEFs compared with WT controls. Together with the increased lysosomal mass described above (Fig. 5C ), these data support an activation of lysosomal function in the null MEFs. Taken together, these data suggest that in the absence of Tmem127, lysosomal biogenesis is enhanced and there is an increased proportion of lysosomalbound, active mTOR.
DISCUSSION
We had previously found that TMEM127 mutations predispose to pheochromocytomas and lead to increased mTOR signaling (8) . Here, we expand these findings by showing evidence that TMEM127 is required for normal Rab5 function in early-to-late endosomal transition and that the resulting disruption is associated with enhanced lysosomal-bound mTOR. We also report novel germline TMEM127 mutations in patients with RCC, and show that some of these mutants are deficient in cooperating with Rab5 to inhibit mTOR. The degree of disruption was variable across the mutants and it is not possible to exclude that some of these variants had a subtler defect or are not pathogenic. However, one of the mutants, carrying an in-frame deletion of the second transmembrane domain, was incapable of rescuing the disrupted endosomal fusion defect of TMEM127 null cells. These results expand the spectrum of tumors with TMEM127 dysfunction and provide insights into the role of TMEM127 in the endolysosomal system. These findings also support a novel model through which mTOR signals can be modulated in cancer. The endosome is known to regulate turnover of various proteins, including growth factor receptors, and its disruption can lead to their accumulation and increased signaling through downstream pathways (22) (23) (24) . Loss of the tumor suppressor gene VHL, which predisposes to pheochromocytoma and RCC (1), leads to deficient formation of enlarged fused endosomal vesicles after expression of Rab5Q79L, similar to TMEM127 deletion (25) . These effects of VHL-null cells occur in a manner dependent on the VHL target, hypoxia inducible factor (HIF), and result in reduced degradation of the epidermal growth factor receptor (EGFR), leading to increased activation of EGFR downstream signaling (25) . In the present study, we show that cells deficient in TMEM127 disrupt Rab5-induced endosomal fusion and lead to increased lysosomal-centered mTOR signaling. These findings are compatible with a model whereby TMEM127 might enhance mTOR association with the Rab5-positive domain of the early endosome. In the absence of functional TMEM127, a larger fraction of mTOR may become available to associate with the lysosomal surface, which facilitates mTOR activation through a multiprotein complex known as the ragulator (17) . The exact mechanisms through which TMEM127 regulates early-to-late endosomal transition and, possibly, lysosomal function, need to be further explored; nevertheless, our results corroborate earlier evidence that mTOR signaling is modulated by the endolysosome (13) (14) (15) .
An active role of the lysosome on protein signaling, besides its well-known function in protein degradation, has recently been revealed by the identification of feedback loops between the lysosome and transcription regulation of multiple targets (26, 27) . In particular, mTOR was found to reciprocally modulate lysosomal function (28) (29) (30) (31) . Our data suggest that in cells lacking TMEM127 lysosomal activity is increased, in agreement with findings in Tsc2-null cells, which have constitutive activation of the mTOR pathway (28) . A key component of mTORmediated lysosomal modulation is the transcription factor TFEB, a master regulator of lysosomal biogenesis (27, 31) . It remains to be determined whether TMEM127 acts through TFEB to modulate lysosomal function. Interestingly, TFEB has been reported to be a target of translocation in RCC 32, 33) , and more recently, another RCC susceptibility gene, FLCN, was found to interact with TFEB at the lysosome (34) . It is, however, unclear whether genetic lesions that lead to disrupted endolysosomal function favor renal cell proliferation. Although rare, identification of germline TMEM127 mutations in RCC provides additional evidence for the molecular heterogeneity of hereditary forms of these tumors. TMEM127 mutations were not reported in recent large-scale surveys of RCC genomic alterations (35) (36) (37) . However, this is not surprising, as only somatic changes were examined in these large cohorts and germline variants were excluded from the analyses. In pheochromocytomas and paragangliomas, TMEM127 mutations have also been restricted to the germline, suggesting that disruption during development may be a distinctive feature of this gene (9, 38) . Finally, the present findings add to an increasing body of literature that recognizes the contribution of endolysosomal dysregulation to cancer (34, (39) (40) (41) (42) and lend support to the investigation of endosomal modulators as potential therapeutic targets in tumors, similar to those proposed to address mutations in another RCC susceptibility gene, MET (43).
MATERIALS AND METHODS
Patients and samples
Blood and/or tumor samples were obtained from patients with histologically confirmed RCCs. Informed consent was obtained from all subjects or waived for discarded tumor material according to Institutional Review Board-approved protocols of the University of Texas Health Science Center at San Antonio, Texas, USA and University of Birmingham, UK. Germline samples from RCC patients were screened (and found to be negative) for mutations in the VHL, MET, SDHB, FH and FLCN genes, as previously described (44) . Hereditary RCC was defined by the diagnosis of an RCC in at least one first-degree relative. In all, 214 samples, including 104 germline samples and 110 tumors from the UTHSCSA tumor bank were included in this study. Main clinical and histological features of the samples are summarized in Supplementary Material, Table S1 . DNA and RNA isolation Blood, tumor and MEF DNA were isolated using the Qiagen Genomic tip or the Qiagen Gentra Puregene Cell for paraffin-embedded samples (Qiagen, Valencia, CA, USA) following the manufacturer's protocols. Total RNA was prepared from frozen tumor specimens or MEFs with Trizol (Life Technologies) according to the manufacturer's instructions and reverse transcribed to cDNA using Superscript II reverse transcriptase kit (Life Technologies).
Methods
Reagents
TMEM127 gene sequencing Primers spanning the three coding exons of TMEM127 gene were used to amplify germline or tumor DNA from 214 RCC cases, as previously reported (8) . PCR products were Sanger sequenced by Beckman Genomics (Danvers, MA, USA). Sequence analysis and estimation of heterozygosity was performed using the Mutation Surveyor Software (Softgenetics, College Station, PA, USA).
Quantitative real-time PCR
Quantitative real-time PCR was performed in cDNA isolated from two TMEM127-mutant RCCs and four RCCs without TMEM127 mutations for comparison, and from MEFs. Quantitative real-time-quantitative PCR was performed in triplicate using the StepOnePlus System (Applied Biosystems/Life Technologies). The TATA-box binding protein (TBP) gene was used as a reference for calculating 2 2DD Ct as previously reported (45) . Expression levels from non-TMEM127-mutant samples were normalized to one for plotting. t-student's test was used for comparison. Primer sequences are available upon request.
Clones and constructs
The four mutations detected in RCC were cloned in fusion with GFP (pEGFP-C2 plasmid) using a PCR-based site-directed mutagenesis protocol using Phusion High-Fidelity DNA Polymerase (ThermoScientific) (8) . A WT GFP-TMEM127 construct has been previously described (9) . A modified WT GFP-TMEM127 construct was generated by site-directed mutagenesis as above. The primer sequence included mutagenized nucleotides (shown in lower case, GCCGAAGCATCCTGC TCTGAAaATaACaCGaCGCTATGCCTTCGCCCATATC) that span the target site for TMEM127 siRNA oligo#2, while maintaining the same amino acid sequence as the WT coding sequence (GFP-TMEM127SR). Flag-tagged Rab5-WT, Rab5-Q79L (GTP-bound mutant), Rab5-S34N (GDP-bound mutant) and YFP-tagged Rab4-WT constructs were a kind gift from Marino Zerial (Max Planck Institute, Dresden, Germany). Rab4-Q67L (GTP-bound) and Rab4-S22N (GDP-bound mutant) constructs were generated by applying the same mutagenesis protocol described above, using YFP-Rab4WT as template.
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HA-TMEM127, TMEM127 siRNA and GFP siRNA (SigmaAldrich) were as previously described (8) .
Cell culture and transfections
Cell lines: 293T, HeLa and MEFs were cultured in DMEM and 10% fetal bovine serum supplemented with 100 U/ml penicillin and 100 mg/ml streptomycin. Amino acid response was measured as previously described (8) 
Immunoblots and immunoprecipitation
Cells were rinsed once with ice-cold PBS and lysed in ice-cold lysis buffer [40 mM HEPES (pH 7.4)], 2 mM EDTA, 10 mM pyrophosphate, 10 mM glycerophosphate and 0.3% CHAPS or 1% Triton X-100, and one tablet of EDTA-free protease inhibitors per 25 ml). The soluble fractions of cell lysates were isolated by centrifugation. For immunoprecipitations, primary antibodies were added to the lysates and incubated with rotation for 1.5 h at 48C. Then 60 ml of a 50% slurry of protein G-sepharose was added and the incubation continued for an additional 1 h. This was followed by three washes of the immunoprecipitates that were washed with lysis buffer containing 150 mM NaCl. Immunoprecipitated proteins were denatured by the addition of sample buffer and resolved by SDS-PAGE, and analyzed by immunoblotting as described (8) .
Immunofluorescence microscopy 293T, HeLa cells or MEFs were plated on poly-D-lysine-coated glass coverslips, fixed, stained and imaged as previously described (8) . Image acquisition of the fluorescence intensity was performed with the Zeiss LSM510 Software 3.2 SP2. Microscope images are representative of at least 50 cells examined in at least three independent experiments. For counting Rab5Q79L-derived enlarged vesicles, images were acquired at 2× zoom. The raw images were converted to TIF files and processed using Metamorph program (Molecular Devices, Downingtown, PA, USA). Enlarged vesicles (defined as ring-like structures .2 mm) were outlined manually. For analysis of endogenous markers EEA1, Rab5, Rab7, RagC and LAMP2, images were smoothened using a 3 × 3 low pass filter and the background was corrected by subtracting 32 × 32 median filtered images from the smoothened images. A threshold was applied to the images and the areas of each segmented objects in the specified range displayed in the graphs were determined using a size filter in the ImageJ program (46) . For these analyses 25-80 cells were evaluated from at least three independent experiments. In experiments performed with transfected GFP-TMEM127 mutants, we only chose cells expressing moderately intense levels of the respective construct, and 10 -19 cells per condition in three independent experiments.
Generation of Tmem127 knockout mouse
Tmem127 was targeted by introduction of a neomycin (neo) cassette flanked by frt sites and a loxP recognition sequence in intron 2, and an IRES-GFP cassette and loxP site with flanking diagnostic BglII site in the 3 ′ UTR, (Supplementary Material, Fig. S3a) , resulting in the removal of exons 3 and 4, a region that encodes Tmem127 ′ s three transmembrane domains (generated by Vector Biolabs, Philadelphia, PA, USA). A 14.9-kbp fragment was electroporated into the embryonic stem (ES) cell line Bruce4 (C57BL/6-derived) ES cells using standard procedures at the University of Michigan Transgenic Core facilities. ES cell colonies were selected and identified by Southern blot and confirmed by PCR amplification (Supplementary Material, Fig. S3b) . A recombinant clone was identified and used for microinjection into blastocysts and transferred into pseudo-pregnant females to obtain chimeric mice. Germline transmission was achieved from breeding of two founder male chimeras. By crossbreeding the ubiquitously expressed CMV-Cre transgenic mice of C57BL/6J background (47) with Tmem127 loxP/loxP mice and subsequent breeding of CMVCre;Tmem127 2loxP/+ F1 offspring with Tmem127 loxP/loxP mice, biallelic and monoallelic all-tissue Tmem127 knockout mice were generated and verified by PCR (Supplementary Material, Fig. S3c ). Cre-negative Tmem127 +/+ , or in some cases, Tmem127 +/2 littermates were used as controls. Mice were housed according to UTHSCSA guidelines, and procedures were approved by the Institutional Animal Care and Use Committee (IACUC), in compliance with the standards for the use of laboratory animals.
MEF generation
MEFs from E13.5 embryos of Tmem127 +/+ or Tmem127
2/2
genotype, originated from breeding of Cre-negative Tmem127 2/+ heterozygote pairs, were prepared by digestion with trypsin and collagenase, followed by mechanical disaggregation, as previously described (48) . Genotypes were assigned by PCR using the primers shown in Supplementary Material, Figure S3 . All experiments were performed between passages 3 and 7 of culture. Genotypes were confirmed in cell lysates from WT and null cells (Supplementary Material, Fig. S3d ).
Statistical analysis
Error bars are depicted as SEM. Statistical significance was determined via Student's t-test calculated using Prism 5 (Graph Pad). For multiple comparison analyses an ANOVA was first performed followed by a Tukey difference test. Statistical significance, defined by P values of , 0.05 or , 0.01, is denoted in figures by one or two asterisks, respectively. Results are representative of at least three independent experiments or as indicated in the figures.
SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
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